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Abstract. In this paper, a self-organizing power electronic
converter with control intelligence at the edge of the electric
distribution network is proposed. The proposed framework,
termed Power Electronics Intelligence at the Network Edge
(PINE), has the potential to make the future electricity delivery
system more internet-like (i.e. intelligence at the network edge).
This approach addresses the need to mobilize distributed energy
resources, as well as to endow the power grid with edge-based
intelligence to provide local communities with at least the
critical portion of their electricity needs, hence improving the
overall resiliency of the electric grid. The proposed concept has
many advantages including: a) energy budgeting is possible and
can be enabled remotely, b) power flow is bidirectional, c)
output voltage is regulated via PWM control, d) distribution
voltage can vary over a wider range, e) input current is
harmonic free at unity power factor. Simulation and hardware
results validate the proposed concept.
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1. INTRODUCTION

The topic of electric distribution system optimization and
restoration has attracted increased attention thanks to the
smart grid investments across the world. Examples of
distribution system optimization and Volt-Var regulation
efforts are shown in [1,2]. Further, [3,4] explore the
possibility of using microgrids as a way to improve power
supply resilience during natural disasters. This is done by
adding diversity to the energy source, reducing the
dependency on certain essential infrastructures to operate a
system (or lifelines). Theoretical calculations confirmed via
Monte Carlo simulations are employed to show the higher
availability in the presence of renewable energy sources.
They do not however, show disaster reconfiguration
architecture and energy budgeting aspects that are essential
under post-disaster scenarios.

Assessments post-2005 bombings in London conclude
that cell phone networks are not resilient, however, the
Internet designed as a network with its intelligence at the edge
is highly resilient [5]. Such resiliency is needed for power
distribution too since electricity is the very lifeblood of
modern civil society, just as much as communication is.
There is urgent need to restore the critical needs, if not all the
needs, of access to electricity.

Traditionally, residential rooftop solar PV/Battery
systems are installed employing dedicated converters for
each the solar panel and the battery [6]. The main advantages
are: a) energy cost reduction, b) peak shaving, c) volt var
control, d) consumption in rural areas. Fig. 1 shows such a
system where in the roof-top PV and the battery energy
storage system (BESS) employ separate dc-ac converters
interfaced to the grid.
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Fig. 1. Conventional rooftop PV and battery energy storage system (BESS)
interfaced to the grid via separate dc-ac converters
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Fig. 2. Proposed power electronics at grid edge - a self-organizing
converter with control intelligence at the edge of the electric distribution
network.

It is noted that the house/load is directly connected to the
grid and the residential load is susceptible to grid voltage
variations. Further, since the power supplied from the grid is
not processed, it is not possible to limit the amount of power
delivered to each consumer in case of disaster. Finally,
nonlinear loads in the house inject harmonic currents into the
grid distribution system.

In view of this, this paper focuses on self-organizing
power electronics intelligence at the very edge of the electric
distribution network. The resultant paradigm of grid
operation is termed power electronics intelligence at the
network edge (PINE) as shown in Fig. 2, first introduced in
[7]. The proposed converter is deployed at the very edge of
the network, i.e., behind the electric meter, enabling the
utility company to perform energy budgeting during disaster
events, while keeping the end-users’ voltage constant, and
maintaining unity power factor at the grid interface level
during normal operation, as shown in Fig 2. PINE can also be
controlled to inject reactive power to the grid for volt var
control (VVC). Fig. 3a-b shows the proposed PINE topology
in more detail.

The main advantages of the proposed power electronics at
the grid edge concept (Fig. 2) are:

e Energy budgeting i.e. the output power supplied to the
home (load) can be limited based on power availability
(ex: during disasters). This limit can be enabled
remotely.

e Output voltage (home/load) is regulated via PWM
control of the output converter.
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Fig. 3a. Proposed topology of the Power Electronic Intelligence at the Network Edge (PINE) concept. Both roof-top solar PV and BESS are integrated into
the dc-link.
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Fig. 3b. Schematic depiction of a self-organizing grid with the proped INE concept.

e Input current is controlled to be harmonic free and at
unity power factor (PF). This further reduces delivery
losses [7].

e  Cost of the PINE converter is compatible with a PV
inverter and BESS converter. The proposed
technology is deployed down at the very edge of the
network.

e Input utility voltage can vary over a wider range since
the front-end converter can regulate the dc-link
voltage. This feature allows for further optimization
of distribution losses [7].

e PINE is based on distributed decision-making
without any need for coordination.

e Power flow is bidirectional.

This work focuses on energy budgeting control to limit
the power delivered to each consumer when the available
energy is limited. This is achieved by limiting the current in
the output PWM converter.

II. PROPOSED PINE TOPOLOGY

The proposed PINE concept, as shown in Fig. 3a, is
designed to power the 120/240V split phase loads in a
typical home and consists of three main stages: a front end
converter that draws/injects sinusoidal current from/to the
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utility, a rooftop solar PV/Battery system connected to a
DC link and an output PWM converter that feeds the load.
Since the power from the grid is handled entirely by the
proposed topology, energy budgeting is available during
disaster events, and during normal operation, the circuit is
able to operate over a wide range of input voltage (from 0.8
pu to 1.2 pu), while maintaining harmonic free input
current at unity power factor. In addition, this circuit allows
bidirectional power flow and control of real and reactive
power flow.

Front end PWM converter (Fig. 3a)

The front end converter (Fig. 3a) draws sinusoidal
current from the grid. Less current harmonics significantly
reduces line losses, components overheating and
transformer ratings in the distribution network. The front
end converter can also be controlled as an inverter when the
PV is supplying power to the grid.

Output PWM converter (Fig. 3a)

The output PWM converter generates split phase ac
output (120/240V, 60Hz) designed for residential loads.
The output L-C filter is designed to maintain a sinusoidal
output voltage under a variety of load conditions. During
disaster events, the output maximum allowable power for



each house can be controlled by limiting the reference
current. This in turn enables energy budgeting, improving
power supply availability during grid recovery times. The
control strategy is explained in more detail in section 3.

Rooftop Solar PV/Battery Interface (Fig. 3a)

The dc-link stage functions as the energy hub. The roof-
top solar and/or battery energy storage devices are
interfaced at the dc-link via a unique power sharing
converter, controlled with MPPT techniques [8] along with
simultaneous adjustment of charge/discharge rates of the
battery energy storage device via closed loop control of the
output PWM converter. The topology includes a Dual
Active Bridge (DAB) isolated converter for galvanic
isolation and bi-directional power flow capabilities [9]. In
addition, the proposed approach allows for providing a
ground reference to the solar-PV and battery energy storage
system for safety.

111 ENERGY BUDGETING VIA ADVANCED
POWER ELECTRONICS CONTROL

Fig. 3b illustrates the schematic of a self-organizing grid
with the proposed PINE architecture, both PV panel and
BESS are interfaced via PINE converter (Fig. 3a) as
discussed before. Each community is expected to have
some distributed energy resources such as solar-
photovoltaic and battery energy storage installed in the
garage. As discussed in the proposed system (Fig. 3a), the
homes are powered via a power electronics interface and
power distribution panel consisting of Internet-of-Things
(IoT) enabled electronic circuit breakers (CB). These CBs
can be commanded with the help of the Distribution System
Operator (DSO) to help remotely isolate nonfunctioning
parts (examples: AC / EV-charging etc) of the distribution
network under disasters. Further, DSO together with PINE
converter can only enable critical essentials circuits and be
able to limit power consumption and use the limited
available power during a disaster.

An example scenario may include the following: upon
receiving an initial command from a DSO controller, the
PINE interface can be programmed to enter into a real-
power (watts) output limit control in which each home can
only power loads up to the allocated watts. Here, we
envision the presence of smart home energy management
devices with Internet-of-Things (IoT) technology enabled
to control various loads in a typical home, as well as state-
of-the-art circuit breakers that can be enabled/disabled
remotely. Since 80% of a residential load is fed through
dedicated circuit breakers [10]. After receiving an initial
estimate of energy budget, the control algorithm is
designed to be autonomous and self-regulating. In other
words, the power electronics interface imposes dynamic
adjustments to allocated energy budget either increasing it
or decreasing it based on its ability to regulate the output
voltage. This feature enables the intelligent power
electronics interface to implement energy budgeting that is
flexible to changing situations in cases where the disaster
is evolving.

The current limit strategy is shown in Fig. 4, to control
the output current, the dq synchronous frame

transformation method for single phase converters is used
[11,12]. Since there is only one available phase (a) in single
phase converters, a second orthogonal imaginary
component (B) is needed to use the Park transformation.
This component is realized by generating a phase shift of
90° with respect to the real signal.

Under regular operation, (no disaster) the measured
output voltage is measured and its dq components obtained
by the Park transformation, using equations (1) and (2):

V4 =V, cos(wt) + Vgsin(wt) (D
Vy = =V sin(wt) + Vgcos(wt) 2)

The output voltage is then compared with a reference
voltage, the difference is processed by a PI controller,
creating a reference current. In a similar manner, using the
dq synchronous frame transformation method, the
reference current is then compared with the measured
output current and processed by another PI controller, the
modulation signal is then obtained using the inverse Park
transformation, with equations (3) and (4):

mg = Vg cos(wt) — V,sin(wt) 3)
mg = V4 sin(wt) + V;cos(wt) @)

The signal m, is used as the modulation signal, and the
signal mg is discarded.

In a disaster situation, the maximum amount of power
delivered to a given PINE system is limited by adjusting
the d component of the output current (Iq) to a maximum
allowable when needed, as shown in equation (5):

* *
Idref :Idref < Imax
larer = )
*
Imax: Idref > Imax
Where: lger” is the reference current given by the
controller under normal situation (no power limitation),

and Lmax is the current limit for Ig and is calculated by
equation (6):

_ 2*Piimit
Imax = Val (6)

Fig. 4 shows current limit control for the PINE output
PWM inverter to enable energy budgeting scheme.
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Fig. 4. Energy budgeting control scheme, enabled by current limit
strategy.
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Fig. 5. Example system reconfiguration — post disaster.

Limiting the output current will in turn reduce the
output voltage magnitude. According to the CBEMA
curve, the minimum allowable threshold for an under
voltage for more than 10 seconds is 0.87 p.u.

To avoid reducing the output voltage below the 0.87
p.u. limit, this work takes advantage of the recent
developments in management devices with Internet-of-
Things (IoT) technology enabled. If the voltage reduces
from a given limit, the loads can be turned off remotely,
returning to an acceptable voltage magnitude.

Iv. ENERGY BUDGETING SCENARIOS DESIGN
AND SIMULATION RESULTS

In this section, examples of 3 different budgeting
scenarios are presented to show how the proposed PINE
can control the power flow between the grid and a house.
Fig. 5 shows an example of reconfigured system
immediately after a disaster such as a hurricane passing. It
can be seen that bulk transmission lines are down as well
as damage to local solar generation. Circuit breakers (CB)
B and C are commanded to isolate the faulted lines. The
first two group of homes on the left are shown to have
functioning distribution via CB-A, while the third group of
homes fed by CB-3 are essentially on their own operating
in an islanded mode. Similarly, the two home groups on the
right are functioning with CB-D and CB-4, CB-5
operational.

The proposed PINE topology limits the maximum
amount of power delivered to each house, to enable energy
budgeting mode.

Scenario 1

For this scenario, the simulated PINE is located in the
group of homes fed by CB-1, since the local solar
generation is damaged, the house needs to be fed by the
grid, Fig. 6 shows the power fed to a PINE as the available
power from the grid keeps reducing due to continuing
damage in the utility/distribution infrastructure.
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Fig. 6. Energy budgeting scenario 1, after t = 2 seconds, the limit is 1.5
kW, and the voltage reduces below 0.87 p.u.

Table 1 summarizes the maximum allowable power
(per phase) as the disaster evolves for the first two scenarios.

Table 1. Power limit assigned for each house, per phase, for scenarios 1
and 2. The power factor is 0.9

Time (s) t<l1 1<t<2 | 2<t<3 | 3<t<4 4<t

Pinax No limit | 20kW | 1.5kW | 1.OKW | 0.5kW

In this scenario, there is no control over the load, to
show how the voltage could reduce below allowable limits.
The load has a 90% power factor (inductive), since the real
power is being limited, the reactive power keeps adjusting
and the power factor remains at 90%. It can be seen that
after 2 seconds, when the limit is 1.5 kW, the output voltage
reduces below the limits indicated in the CBEMA curve.

Scenario 2

In the second scenario, the same situation is simulated,
adding the ability to connect/disconnect the loads remotely.
Fig. 7 shows how when the output voltage reduces from a
given limit, the non-essential loads can be disconnected as
needed, keeping the voltage magnitude above 0.87 p.u.
Each time the voltage goes below 0.87 p.u., a non-essential
load is disconnected after one cycle.

Table 2 summarizes the times and values for the non-
essential loads that are disconnected to maintain the
voltage magnitude under desired limits. The essential loads
are the only ones not disconnected after 4.32 seconds.



Table 2. Non-essential loads disconnection times and demand.

Load Disconnection Real Reactive
time (s) Power (W) Power (VAR)
1 2.02 450 217
2 3.02 450 217
3 3.26 225 108.5
4 4.02 225 108.5
5 4.04 225 108.5
6 4.32 225 108.5
Essential No 450 217
Loads disconnection
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Fig. 7. Energy budgeting scenario 2, when the control results in a voltage
below 0.87 p.u., a non-essential load is disconnected, maintaining the
voltage in the allowable range.

It can be seen that at 4.02 seconds, load 4 is
disconnected, but since the voltage magnitude does not
increase to an acceptable level, load 5 is then disconnected
after an additional cycle to increase the output voltage
above 0.87 p.u. This ensures that the essential needs are met
during a disaster scenario with an appropriate output voltage
magnitude.

Scenario 3

For the third scenario, the simulated PINE is located in
the group of homes fed by CB-3, since there is available
power from the PV/Battery system to spare, the extra
amount is used to provide the microgrid, but as their need
decreases, the rest of the power can be supplied as reactive
power for volt-var control purposes. The results are shown
in Fig. 8.
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Fig. 8. Scenario 3, the PINE converter provides real and/or reactive
power to the microgrid.

In the final simulation, the PINE converter operation is
shown under normal operating conditions (no disaster) to
show how it can handle voltage variations in the grid while
maintaining the load voltage constant, as shown in Fig. 9.
This allows the bus voltages in the distribution system to
fluctuate a larger range.
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Fig. 9. PINE converter operation during normal operating conditions,
when voltage variations occur, the proposed PINE concept maintains the
load voltage constant.

V. HARDWARE RESULTS

A laboratory prototype of PINE is currently under
development. Figs. 10 and 11 show the experimental results
for the proposed output PWM converter voltages and
currents.

Fig. 10 shows phase currents I, I, and output voltages
V4 and Vg, of the output PWM converter, as can be seen,
when the energy budget strategy is implemented, the output
voltage magnitude reduces from 60 V to 42 V, reducing the
output power from 300 W to 147 W per phase.
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Fig. 10. Experimental waveforms of laboratory prototype output PWM
converter voltages and currents. Channel 1 shows phase current I,

Channel 2 shows phase voltage V, Channel 3 shows phase current Iy
and Channel 4 shows phase voltage Vg.

Fig. 11 shows phase current Ix and phase voltage Va,
before and after filter, under the energy budgeting state, the
switching frequency of the converter is 20 kHz.
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Fig. 11. Experimental waveforms of laboratory prototype output PWM
converter current I, and voltage V, before and after filter. Channel 1
shows phase current 15, Channel 2 shows phase voltage V, and Channel
4 shows the unfiltered voltage V4, the switching frequency is 20 kHz.

VL CONCLUSIONS AND FUTURE WORK

In this paper, a self-organizing power electronic
converter with control intelligence at the edge of the electric
distribution network has been proposed. The proposed
PINE concept has been shown to have the potential to make
the future electricity delivery system more internet-like (i.e.
intelligence at the network edge). A current limiting control
strategy has been implemented to limit the output power
delivered to the load. This feature has been shown to be
particularly useful during natural disasters. During normal
conditions the PINE approach has been shown to maintain
output voltage regulated. Simulation and hardware results
have been shown to validate the proposed concept.
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